The statistical techniques for studying the population dynamics of recessive lethal genes were developed mainly by Wright,'-' who studied the distribution of gene frequencies in populations. In reality, however, the frequencies of individual lethal genes cannot be observed but the frequency of lethal-bearing chromosomes is determined. In large populations the random fluctuation of the frequency of lethal chromosomes is negligibly small, but it becomes appreciably large in intermediate or small populations. Thus, it is desirable to find the frequency distribution of lethal chromosomes rather than lethal genes.
The statistical techniques for studying the population dynamics of recessive lethal genes were developed mainly by Wright,'-' who studied the distribution of gene frequencies in populations. In reality, however, the frequencies of individual lethal genes cannot be observed but the frequency of lethal-bearing chromosomes is determined. In large populations the random fluctuation of the frequency of lethal chromosomes is negligibly small, but it becomes appreciably large in intermediate or small populations. Thus, it is desirable to find the frequency distribution of lethal chromosomes rather than lethal genes.
To obtain a general distribution function of the chromosome frequencies is not easy, but the author obtained several formulas for some important special cases. As we shall see, these formulas give some useful relations among mutation rate, population size, allelic rate, etc., which may be used for the study of genetic structure of populations or the heterozygous effects of lethal genes. In recent years much attention has been focused on the latter problem in view of the fact that the genetic load due to these genes is profoundly affected by a slight positive or negative effect in the heterozygotes. 45 Partially Recessive Lethals.-Consider a randomly mating population of size N, in which a lethal gene a and its allelic normal gene A are segregating. Let the frequency of a be q and the fitnesses of the three possible genotypes AA, Aa, and aa be 1, 1 -h, and 1 -s, respectively, where s is 1 for a completely lethal gene and 0.5 < s < 1 for a semilethal gene. The mean fitness, 1pu, then becomes 1 -2hq -(s -2h)q2. We assume that the gene A mutates to a at the rate of u per generation, the reverse mutation being negligible. Inserting these quantities into Wright's' general formula, we find the frequency distribution of lethal gene in an equilibrium population as follows:
Noting that q is generally very small compared to unity and that 2N(s -2h)q2
is negligibly small compared to 4Nhq if h is much larger than V\su, the distribution +(q) is approximated by the following gamma distribution.
The mean, 2, and variance, a2, of the gene frequency become = u/h, (7 = q/(4Nh).
The expression for q indicates that the mean gene frequency is independent of the population size and equal to the value for an infinitely large population. This contrasts with the case of completely recessive genes in which the mean gene frequency decreases as the population size decreases (cf. (15)). In order to obtain the distribution of lethal chromosome frequency, we assume that a chromosome carries n loci in which lethal genes may occur and the selection coefficient h is the same for all loci. The mutation rate may vary with loci, and let uj be the mutation rate at the ith locus.
The frequency of lethal chromosomes, Q, is not a simple sum of the frequencies of lethal genes at the individual loci, so that it is difficult to obtain the distribution of the lethal chromosome frequency itself. However, if we make the following transformation Q= -loge(I -Q), (9) and can be estimated by -loge(1 -IQ2)/ [loge(1 -Q) ]2, where I, stands for the allelic rate of lethal chromosomes. Assuming that the number of lethal gene loci is large, the expectation of I, becomes
where aq(d) is the variance of q due to differences in uj (if h is variable, the variance due to this factor is also included in this term 
The mean and variance of q approximately become 
Therefore, if lethal genes are completely recessive, then T = E>q! rather than Q, = Eq, is distributed as a gamma variate. This property may be used for studying the heterozygous effect of lethal genes. The expectation of the allelic rate can be obtained by substituting (15) The expectation of he is 0 if 8 = 1, as it should be, but if 8 < 1, i.e., for semilethal genes, it becomes negative, since the expectation of IJQ2 is larger than U.
Overdominant Lethal8.-It is not easy to obtain a general formula for this case and the author has been able to find one only for a special case of 4Nu(l -q) + 2 q = 1 or approximately 4Nu = 1, where q = k/(l + k), k being the selective advantage of Aa compared to AA (the fitness of aa is assumed to be 0 Data on Lethal Chromosomes in Drosophila pseudoobscura.-There are a large number of data on lethal chromosomes in Drosophila populations. However, they have been obtained by different authors often with different techniques in various places in the world, so that they are not necessarily suited for the analysis of their frequency distribution. The only data that can be used are those obtained by Dobzhansky and his co-workers in various populations of Drosophila pseudoobscura in America, although even these data are never free from the effects of environmental differences among the locations in which samples were taken (the lethal chromosome frequency in Death Valley region (1-9) in Table 1 is slightly but significantly larger than that in San Jacinto region (10-20)1).
The data on the third chromosomes that are lethal or semilethal are presented in Table 1 .
The mean and variance of observed values of Qi for these data are 0.181 and 0.004312, respectively. The mean is the estimate of Qi but the variance includes the sampling variance in addition to VQ,. This sampling variance, Vs, is obtained by Q/ [(1 -Q)no], where no is the number of chromosomes observed. Since the average sampling variance amounts to 0.00175 in the present case, the estimate of VQ, becomes 0.00256. The rate of lethal mutations of the third chromosome (U) has been estimated to be 0.0031 by Wright, DoPbhansky, and PRtOC. X.A.S.
,52'S Hovanitz.3 These authors also showed that U > IcQ2, so that there must be selection against lethal genes in the heterozygous condition or some degree of inbreeding. Assuming no excessive consanguineous matings such as brothersister mating but a limited size of population, the disadvantage of the heterozygotes is estimated to be i = U/Qj = 0.0172, which is close to the estimates by Wright, Dobzhansky, and Hovanitz3 and Crow and Temin.4 On the other hand, N(m + h) is estimated by Q1/(4VlQ) and becomes 17.63. This is perhaps an underestimate but within the range of the estimate of Nm by Dobzhansky and Wright,2 i.e., between 5 and 40.
Discussion.-Crow and Temin's formula for estimating the degree of disadvantage of the lethal heterozygotes (he) is based on the assumption that the random fluctuation of lethal chromosome or lethal gene frequency is negligibly small. In small populations, however, this assumption does not hold and, as shown previously, he may be smaller than the true value and even negative for a positive value of h. Nevertheless, the values of he so far obtained are mostly positive and suggest that lethal genes have a deleterious effect in the heterozygous condition. The only exception is the data obtained by Wallace (1966) in Drosophila melanogaster. In his data he is negative and he claims that it is due to an overdominant effect of lethal genes. However, as the allelic rate of his lethal chromosomes is very high, the effective size of the population from which his data were sampled appears to be small, and the negative value of he might be due to this small effective size.
Wallace's data includes both lethal and semilethal chromosomes. The frequency of these chromosomes amounts to 79.8 per cent for the second and third chromosomes together. The total mutation rate of completely lethal genes for the second and third chromosomes has been estimated to be 0.01. He does not mention the fraction of completely lethal chromosomes in his data. In view of the unusually high frequency of lethals plus semilethals, it appears that a considerable number of semilethals have been included. The fraction of semilethals in other data is variable but often as large as that of complete lethals. 9 If one third of his data are semilethals, then the total mutation rate to be used should be 0.015 instead of 0.01. Thus, from (13) h is estimated to be 0.01, approximately. Therefore, Wallace's data are never incompatible with the idea that lethal genes are slightly deleterious in the heterozygous condition.
The equilibrium mean frequency of an overdominant lethal gene in popula- So far most studies on the selection against lethal genes have been conducted with natural populations or with a single cage population. A much better experimental method would be to study the frequency distribution of lethal chromosomes in artificially controlled small populations. In these populations the effective size and migration rate can be determined almost exactly, so that the selection against lethal genes can be studied more accurately. This type of experiment has been initiated by M. Murata in our laboratory, using D. melanogaster, and his preliminary data indicate that the fitness of heterozygotes for lethal genes is reduced by several per cent.
Kimura, M\aruyama, and Crow'0 showed that the genetic load due to deleterious mutations in small populations is much larger than that in large populations. They were, however, concerned with those genes which have rather small deleterious effects. With lethal genes the genetic load is almost independent of population size. The expected genetic load for a partially recessive lethal gene is cco (4Nh) 4NU L j J 2hq -(4Nu) e4NhQq4Nuldq = 2u, while the genetic load for a completely recessive lethal similarly becomes u. These values are the same as those for a large population.
Summary.-Formulas for the frequency distribution of chromosomes carrying recessive lethals are worked out, taking into account the heterozygous effect of lethal genes. The methods of estimating the heterozygous effect and the effective population size are also discussed. Analyses and interpretations of Drosophila data have indicated that lethal genes are on the average slightly deleterious in the heterozygous condition.
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